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Introduction

A greater understanding of the dynamic interaction between soil-water, salinity, and plant
response has been achieved in recent years. My report will (1) provide a general description of
salinity-plant interactions, (2) describe an approach to establish the value of irrigation water
salinity that is protective of agricultural crops, (3) identify the rainfall contribution to partially
mitigate the impact of water salinity on crop productivity, and (4) conclude that an EC value of
1.0 dS/m is protective of agricultural production.

General Salinity—Plant Interactions

The fact that salts (commonly referred to as salinity) or total dissolved solutes (TDS) in
the water can be damaging to crop production has been known for centuries. Furthermore, it is
well known that crops have different degrees of tolerance to TDS. The TDS in water is most
quickly and easily quantified by measuring the electro-conductivity (EC) of the water. Therefore,
the TDS or salinity of the water is usually reported as the EC of the water. For most waters the
EC of 1 dS/m is equivalent to a TDS concentration of 640 mg/L. The following symbols will be
used in this report. ECyy, is the EC of the irrigation water. ECs, is the EC of the water in the soil.
EC. is the EC of the water in the soil when it is saturated with distilled water in the laboratory
and extracted for measurement. EC,,, is approximately equal to 2 EC..

An index that reflects the sensitivity of a given crop to EC is important. Eugene Maas and
Glenn Hoffman, scientists at the USDA Salinity Laboratory, found that research reports on crop
growth related to EC, could approximately be characterized by two straight lines as illustrated in
Figure 1.
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Figure 1. General relationship between relative crop yield and soil salinity.

One line is flat at maximum crop growth at all salinities up to a “threshold” number, but
increasing the EC. beyond this threshold causes a linear decrease in crop growth. The
coefficients that would characterize crop tolerance to EC, are the threshold value and the slope of
the curve at values greater than the threshold value. These coefficients have been referred to as
the Maas—Hoffmann coefficients and have been reported for numerous crops in various
publications. The Maas-Hoffman coefficients for a few selected crops are presented in Table 1.
The threshold EC, of 1.0 dS/m reported for beans represents the lowest threshold EC. of any
vegetable or field crop that have been evaluated.

Table 1. Maas-Hoffman coefficients for some selected crops.

Crop Threshold ECe Slope
dS/m % per dS/m
Alfalfa 2.0 7.3
Almonds 1.5 19.0
Asparagus 4.1 2.0
Beans 1.0 19.0
Corn 1.7 12.0
Cotton 1.7 5.2
Grapes 1.5 9.6
Tomatoes 2.5 9.9

All irrigation waters add salts as well as water to the soil. The plants extract water and
leave most of the salts behind which concentrate in the soil solution. If the EC concentration
exceeds the threshold value, some reduction in crop growth will occur. “Extra” water is applied
to leach salts from the root zone to prevent their accumulation to detrimental concentrations.
Typically the amount of water required depends on the crop tolerance to salinity and the EC of
the irrigation water (EC;y). This is the simple straightforward approach to the matter, and these



general principles have been successfully used for years. However the quantitative assessment of
irrigating with saline waters introduces some complex relationships between the plant and soil-
water dynamics.

The long-term water balance equation is
AW =ET + DP

where AW is the applied water including precipitation that infiltrates the soil, ET is
evapotranspiration, and DP is deep percolation (the water that moves below the root zone). The
LF (leaching fraction) is defined as deep percolation divided by the applied water. | once
assumed that if saline water was applied at amounts less than the amount of evapotranspiration,
then there would be no deep percolation to wash the salts out of the root zone, and they would
accumulate until they killed the plant. That would be a conclusion readily adopted from the water
balance equation. However, I had overlooked another relationship that has been well-supported
by research, and that is that evapotranspiration is not only a function of the climate, but also
linearly related to plant growth. This reaction sets up a dynamic interaction between the crop and
the soil-water system that affects the yield.

If the soil salinity reaches a level that reduces water uptake to a level less than potential
transpiration, the leaf stomata close. Closure of the stomata decreases transpiration and preserves
water in the leaf to prevent dehydration. Carbon dioxide which is essential for photosynthesis
and plant production passes from the atmosphere through the stomata to the cell where
photosynthesis occurs. Closure of the stomata decreases carbon dioxide supply to the leaf and
consequently reduces photosynthesis and plant growth. This process represents a two-fold
mechanism for plant survival. The plant reduces water loss and stops growing and thus reduces
the transpiration demand that would occur with larger leaf surface area.

When evapotranspiration is reduced, deep percolation is increased, and the increased
deep percolation leaches more salt from the root zone. This is one of nature’s additional
protective mechanisms. During the crop-growing season, with irrigation and precipitation, the
salt distribution is continuously changing with time and depth in the root zone. The plant
naturally integrates all of these dynamic processes and provides “feedback” to the soil-water
systems based on the plant growth as described above. This feedback, in turn, modifies the
reactions occurring in the soil. The point is that some very complex interactions are occurring
which impact the relationships between irrigating with saline waters and crop yield, and some of
these relationships can be counter-intuitive.

The crop responds to the salinity in the soil-water surrounding the root (ECsy,), and the
challenge is to relate EC,, to the EC of the irrigation water (EC;). The Maas-Hoffman
coefficients are used to determine ECs,, thresholds for individual crops. (Note that the Maas-
Hoffman coefficients are usually reported on EC, rather than ECs,.) If a reliable approach to
relating EC; to ECg,, or EC, is developed, then the maximum EC in the irrigation water that will
not result in a yield reduction can be established for specific crops based upon the Maas-
Hoffman coefficients for that specific crop.



“As the soil dries, the plant is also exposed to a continually changing water availability in
each portion of the rooting depth since the soil-water content and soil water salinity are both
changing as the plant uses water between irrigations. The plant absorbs water, but most of the
salt is excluded and left behind in the root zone in a shrinking volume of soil water. Figure 4
shows that following an irrigation, the soil salinity is not constant with depth. Following each
irrigation, the soil-water content at each depth in the root zone is near maximum, and the
concentration of dissolved salts near the minimum. Each changes, however, as water is used by
the crop between irrigations” (Ayers and Westcot (1985)). Figure 4 depicts the measured soil-
water salinity at the 40- and 80-cm depths as a function of time for irrigated alfalfa as reported
by Rhoades. As described by Ayers and Westcot, the salinity at a given depth increases with time
as the crop extracts the water. The irrigation leaches the accumulated salts out of the zone so that
the soil salinity starts out at the same concentration after each irrigation, particularly in the upper
part of the root zone where most of the roots are.
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Fig. 4 Change in salinity of soil-water (ECg,) between irrigations
of alfalfa due to ET use of stored water (Rhoades 1972)

The magnitude of the salt concentration from immediately after irrigation to immediately
before the next irrigation depends on the volumetric water content immediately after and before
irrigation. The law of mass conservation dictates that the salt concentrates proportionately to the
change in volumetric soil water content when there is no salt dissolution or precipitation. The
change in volumetric water content between irrigation depends on the soil-water retention
characteristics. For most soil types the volumetric soil water would decrease by less than half
between irrigations. Consequently, the soil salinity would concentrate less than two times
between irrigations. Therefore, it is logical that if one applies water at one-half the threshold
value, the soil-water salinity will not concentrate beyond the threshold value before the next



irrigation. For the example in Figure 4, the soil water salinity at the 40-cm depth increased in
concentration by a factor of 1.7 between irrigations, which would be expected for many soils.

I would not recommend choosing 1.7 as the concentrating factor for two reasons. First, it
leaves no margin for possibly having a soil with more extreme soil-water holding characteristics.
Second, the salt transport is assumed to be completely efficient with no bypass. In other words,
the soil solution will not be exactly the concentration of the irrigation water, thus a factor of two
would be a more conservative approach.

By coincidence computing the irrigation water salinity that can be used to grow a crop
with a given Maas-Hoffman threshold salinity is simple. The concentration of salts in the soil
water increases by a factor of approximately two between irrigations. The Maas-Hoffman
coefficients are based on the salinity of the saturated soil extract, or EC, which is approximately
equal to ¥ of the salinity of the soil-water, or ECs,,. Therefore, the irrigation water salinity that
can be tolerated is equal to the Maas-Hoffman threshold value when they are reported as EC..

The most salt-sensitive crop grown in the area of interest is beans. The Maas-Hoffman
threshold EC, for beans is 1.0 dS/m. Therefore, an irrigation water as high as this value could be
used without reduction in yield.

Contribution of rainfall toward reducing salinity effect

The analysis reported above neglected the effects of rainfall. Rain is almost pure water
and therefore provides salt-free water to satisfy a portion of the crop need. The challenge is to
quantify the contribution of rain towards partially mitigating the impacts of saline irrigation
water.

I developed a model in 1985 (Letey et al. 1985) which allowed the computation of
relative crop yield and amount of deep percolation based upon the amount and salinity of the
applied irrigation water, crop tolerance to salinity, and the potential ET for a nonstressed crop. A
comparison of model simulated results to experimental values was reported by Letey and Dinar
(1986). One comparison was done with results from an experiment conducted in Utah, where
snow and rain contributed to the crop water supply. The computed yields agreed quite well with
the experimental yields when the weighted average EC of the rain and irrigation waters was used
in the computations. Based on this, the contribution of rain can be estimated based on the
weighted average EC of the combined rain and irrigation water.

Although the original seasonal model has great utility, it is limited to conditions where
the same irrigation management and crop are continuously followed. Subsequently, | was
involved in developing a transient-state model that allows incorporating the time, amount, and
salinity of irrigation water applied. This model tracks the soil water content and water salinity as
a function of depth and time and allows computation of relative crop yield and deep water
percolation (Cardon and Letey, 1992; Pang and Letey, 1998). This model has much greater
flexibility to simulate the consequences of a wide array of management practices. Excellent
agreement between simulated relative yield and the measured relative yield for an experiment
conducted on corn in Israel was achieved (Feng et al. 2003). Figure 3 of the Feng et al. (2003)



publication which illustrates the agreement between measured and simulated relative yields is
reproduced below to document the validity of the model.
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Comparison of measured and simulated relative yields assuming
unstressed yield equal to 3.0 and 3.1 Mg ha™. (Figure 3, Feng et al.
2003).

The transient-state model can be used to simulate the effect of various cyclic and
blending strategies for using non-saline and saline waters for irrigation (Bradford and Letey,
1993). In one case, the model was used to simulate mixing waters before irrigation or
intermittently using waters of different qualities for the irrigation of the perennial crop alfalfa.
The intermittent applications of saline and non-saline waters were done on alternate irrigations.
The periods of use for each type of water varied, and the longest simulation was an annual use of
non-saline water followed by an annual use of saline water. The same total amount of water and
salts were added to the system in all simulations.

The main finding was that no significant difference in simulated yields occurred whether
the waters were mixed prior to application, or were intermittently applied for different lengths of
time. In other words, the crop response was to the integrated average EC of the waters
regardless of when or how long the individual waters were applied. This result is consistent with
Meiri et al. (1986) who conducted a three-year study in Israel to compare crop performance
under mixing irrigation waters or intermittently applying them to the soil. They concluded that
the crops responded to the weighted mean water salinity regardless of the blending method.

Therefore, both experimental evidence and theoretical model analyses come to the same
conclusion. The crop responds to the weighted mean water salinity between rainfall and
irrigation water. The amounts and concentrations of irrigation and rainwater that contribute to
crop production, including the off-season water penetrating the soil, in addition to the in-season
applications, must be included in the analysis such as was done in all of the reported studies.



With this information as background, one can now make quantitative estimates of the
contribution of rain to partially mitigate the effects of salinity in the irrigation water in the area
of interest. The weighted mean water salinity is calculated by equation 1

—i or C_:M

Equation 1 =
[Eq ] Ny . A

where C, is the weighted mean water salinity, C; is the irrigation water salinity, A, is the amount
of rainfall, and A, is the amount of irrigation.

The main uncertainty in making this computation is in properly accounting for the
amount of rainfall that contributes to the crop water supply. As previously stated, rainfall during
the off-season recharges the soil profile, leaches salts, and therefore contributes to the welfare of
the crop.

Based on the factors stated above, | will now compute the contribution of rainfall towards
the production of beans in the area of interest for three assumptions on the effective amount of
precipitation. The assumptions are 25, 50, or 75% of the total precipitation contributed to the
crop production.

The crop ET was calculated by multiplying the ET, value from the nearest CIMIS station
by the appropriate crop coefficient (K¢;). The numbers reported in Table 2 are for dry beans or
large limas grown from May 1 to August 28. The average annual precipitation at the Tracy
Pumping Plant based on a 55-year period of record is 12.24 inches. | will assume that 10% more
water than crop ET is applied through a combination of irrigation and rain to accommodate some
leaching. Thus, the ET times 1.1 equals 28.4 inches. The amount of irrigation (A;) will equal
28.4 inches minus the effective precipitation, which will be calculated for 25, 50, and 75% times
the total precipitation of 12.24 inches.

The results of these computations are presented in Table 3 for the three assumptions on
the effective precipitation. The computed C, value in the table represents the weighted average
EC when the irrigation water salinity is 1.0 dS/m. The C; number in the table represents the
concentration of the irrigation water that could be used if the weighted average EC of the water
equal to 1.0 dS/m is protective for producing beans. These calculations were done to illustrate
that rainfall can significantly mitigate the impact of irrigation water salinity. If only 25% of the
precipitation was effective, an irrigation water salinity of 1.12 rather than 1.0 dS/m could be used
without impacting the most salt-sensitive crop.

Table 2. Computed crop ET for beans

Ker ET, ET
in/mo in/mo
May 0.40 6.45 2.58
June 0.97 7.45 7.23
July 1.15 8.02 9.22
Aug 0.96 7.11 6.82
Total 25.85




Table 3. Computed contributions of rainfall to partially mitigating the effects of salty irrigation
water.

A+ A A, A C. Ci’
28.4 3.1 25.3 0.89 1.12
28.4 6.1 22.3 0.78 1.28
28.4 9.2 19.2 0.68 1.47

1. Calculation of C, (weighted mean water salinity) from equation 1 if C; is 1.0 dS/m.
2. Calculation of C; (irrigation water salinity) from equation 1 of C, equal to 1 was adequate
crop protection.

Experimental results and the results from theoretical model analyses all come to the same
conclusion--that irrigation water with an EC of 1.0 dS/m or slightly higher would be sufficiently
protective for the most salt-sensitive crops. Nevertheless, the conclusion should be compared as
much as possible to what is actually happening under real farming operations. Equally salt-
sensitive crops are being successfully grown in the Coachella and Imperial Valleys of California
when irrigated with Colorado River water. The EC of the Colorado River water is approximately
1.25 dS/m. Furthermore, precipitation contributes almost nothing to the crop water demand in
these valleys.

Based on all of this documented evidence, | confidently conclude that an irrigation water
concentration of 1.0 dS/m is sufficiently protective for even the most salt-sensitive crops.

Conclusions

The most salt-sensitive agricultural crops have a threshold salinity of 1.0 dS/m. Based on
the dynamics of water flow, salt transport, and crop-soil water interactions, an irrigation water
with an EC of 1.0 dS/m is sufficiently protective of salt-sensitive crops and can be used to
irrigate these crops without yield reduction. The contribution of rainfall provides an added
margin of safety to this conclusion. Finally, this conclusion is consistent with experience in the
Imperial and Coachella Valleys of California, where the salt sensitive crops are being
successfully irrigated with Colorado River water with an EC of approximately 1.25 dS/m.
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